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Gravity waves from black hole merger 1.3 billion years ago



Gravity waves from black hole merger 1.3 billion years ago

Wouldn’t it be even more exciting if we can detect gravity 
waves from the Big Bang?



Inflation & Gravity Waves



A distinguishing parameter is the tensor-to-scalar ratio r.

Many experiments including BICEP/KECK, PLANCK, ACT,  
PolarBeaR, SPT, SPIDER, QUEIT, Clover, EBEX, QUaD…  

can potentially detect primordial B-mode at the sensitivity r~10-2.

LiteBIRD & PIXIE may have the sensitivity to detect r ~ 10-3.

Planck Collaboration: Constraints on inflation 55

Fig. 54. Marginalized joint 68 % and 95 % CL regions for ns and r0.002 from Planck alone and in combination with its cross-
correlation with BICEP2/Keck Array and/or BAO data compared with the theoretical predictions of selected inflationary models.

further improving on the upper limits obtained from the different
data combinations presented in Sect. 5.

By directly constraining the tensor mode, the BKP likeli-
hood removes degeneracies between the tensor-to-scalar ratio
and other parameters. Adding tensors and running, we obtain

r0.002 < 0.10 (95 % CL, Planck TT+lowP+BKP) , (168)

which constitutes almost a 50 % improvement over the Planck
TT+lowP constraint quoted in Eq. (28). These limits on tensor
modes are more robust than the limits using the shape of the
CTT
` spectrum alone owing to the fact that scalar perturbations

cannot generate B modes irrespective of the shape of the scalar
spectrum.

13.1. Implications of BKP on selected inflationary models

Using the BKP likelihood further strengthens the constraints
on the inflationary parameters and models discussed in Sect. 6,
as seen in Fig. 54. If we set ✏3 = 0, the first slow-roll pa-
rameter is constrained to ✏1 < 0.0055 at 95 % CL by Planck
TT+lowP+BKP. With the same data combination, concave po-
tentials are preferred over convex potentials with log B = 3.8,
which improves on log B = 2 obtained from the Planck data
alone.

Combining with the BKP likelihood strengthens the con-
straints on the selected inflationary models studied in Sect. 6.
Using the same methodology as in Sect. 6 and adding the BKP
likelihood gives a Bayes factor preferring R2 over chaotic in-
flation with monomial quadratic potential and natural inflation
by odds of 403:1 and 270:1, respectively, under the assumption
of a dust equation of state during the entropy generation stage.
The combination with the BKP likelihood further penalizes the
double-well model compared to R2 inflation. However, adding

Table 17. Results of inflationary model comparison using the
cross-correlation between BICEP2/Keck Array and Planck. This
table is the analogue to Table 6, which did not use the BKP like-
lihood.

Inflationary Model ln B0X

wint = 0 wint , 0

R + R2/6M2 . . . +0.3
n = 2 �6.0 �5.6
Natural �5.6 �5.0
Hilltop (p = 2) �0.7 �0.4
Hilltop (p = 4) �0.6 �0.9
Double well �4.3 �4.2
Brane inflation (p = 2) +0.2 0.0
Brane inflation (p = 4) +0.1 �0.1
Exponential inflation �0.1 0.0
SB SUSY �1.8 �1.5
Supersymmetric ↵-model �1.1 +0.1
Superconformal (m = 1) �1.9 �1.4

BKP reduces the Bayes factor of the hilltop models compared
to R2, because these models can predict a value of the tensor-to-
scalar ratio that better fits the statistically insignificant peak at
r ⇡ 0.05. See Table 17 for the Bayes factors of other inflationary
models with the same two cases of post-inflationary evolution
studied in Sect. 6.

13.2. Implications of BKP on scalar power spectrum

The presence of tensors would, at least to some degree, require
an enhanced suppression of the scalar power spectrum on large
scales to account for the low-` deficit in the CTT

` spectrum. We
therefore repeat the analysis of an exponential cut-off studied
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B-mode and UV Sensitivity

Large r not only observationally interesting, but theoretically challenging:


✦ Energy scale of inflation is around the GUT scale


✦ The inflaton field excursion was super-Planckian


✦ This strong UV sensitivity motivates inflation in string theory.

Einf ' 0.75⇥
⇣ r

0.1

⌘1/4
⇥ 10�2MPl

Lyth ’96

64 Inflation in effective field theory

derive the Lyth bound [252], which relates observable tensor modes to super-
Planckian displacements of the inflaton, ∆φ ! Mpl. We will begin with a
derivation of the Lyth bound in single-field slow-roll inflation, and then present
extensions to more general scenarios.

The Lyth bound
Substituting (2.38) into r = 16ε, we can relate the tensor-to-scalar ratio r to the
evolution of the inflaton field,

r = 8
!

1
Mpl

dφ
dN

"2

, where dN ≡ Hdt . (2.100)

Integrating (2.100) from the time N⋆ when modes that are observable in the
CMB exited the horizon, until the end of inflation at Nend ≡ 0 (see Fig. 2.7), we
get [252]

∆φ
Mpl

=
# N⋆

0
dN

$
r(N)

8
. (2.101)

To evaluate the integral in (2.101), it is useful to define

Neff ≡
# N⋆

0
dN

%
r(N)
r⋆

, (2.102)

where r⋆ is the tensor-to-scalar ratio measured in the CMB, so that

∆φ
Mpl

= Neff

$
r⋆
8

. (2.103)

In slow-roll inflation, the relation

d ln r

dN
= −

&
ns − 1 +

r

8

'
, (2.104)

combined with the observational constraints on ns − 1 and r described in Chap-
ter 1, imply that Neff ∼ N⋆ (see e.g. [253, 254]). Taking Neff ! 60, we conclude
that22

∆φ
Mpl

! 2 ×
( r

0.01

)1/2
. (2.105)

To arrive at a maximally conservative bound in single-field slow-roll inflation,
one can assume that slow-roll is valid only while the observed multipoles of the
CMB exit the horizon, corresponding to Neff ≈ 7. This leads to (cf. [252], which
used a smaller Neff because fewer multipoles had been observed in 1996)

∆φ
Mpl

! 0.25 ×
( r

0.01

)1/2
. (2.106)

22
One should not assume that simple models will approximately saturate (2.105); for
example, chaotic inflation scenarios involve displacements roughly twice as large as
required by the bound.
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After a large field excursion, the 
inflaton potential deviates 

significantly from that at the origin.

Linde ’86

Super-Planckian Field Range

Consider e.g., 

Chaotic inflation



Axions & Large field inflation

• Natural inflaton candidates as they enjoy a shift symmetry that is only 
broken by non-perturbative effects: 

• Controlled, slow-roll potential:

Natural Inflation
[Freese, Frieman, Olinto ’90]:
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Axions in String Theory

String theory has many higher-dimensional form-fields:

2-form gauge potential:

e.g.

3-form flux

gauge symmetry:

Integrating the 2-form over a 2-cycle gives an axion:

The gauge symmetry becomes a shift symmetry.

Axions with super-Planckian decay constants don’t seem to exist in 
controlled limits of string theory. [Choi, Kim, ’85]; 


[Banks, Dine, Fox, Gorbatov, ’03]; [Svrcek, Witten, ’06]



The 
Weak Gravity Conjecture



The Weak Gravity Conjecture

• The conjecture: 

“Gravity is the Weakest Force” 

• For every long range gauge field there exists a particle 
of charge q and mass m, s.t.  

Arkani-Hamed, Motl, Nicolis, Vafa ‘06

q

m
MP � “1”



Heuristic Argument

+ +
Fe FeFg Fg

• Take a U(1) and a single family with q < m  ( WGC ) 

MP ⌘ 1



Heuristic Argument

+ +
Fe FeFg Fg

• Take a U(1) and a single family with q < m  ( WGC ) 

2m > M2 > 2q 3m > M3 > 3q Nm > MN > Nq M1 ! Q1

Extremal 
BH

BH

... ... 
• Infinitely many bound states 

MP ⌘ 1



Heuristic Argument
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BH
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• Infinitely many bound states 
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• Postulate the existence of a state with (“mild form” of WGC)
q

m
� “1” ⌘ Q

Ext

M
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M = Q

M > Q

M < Q

Figure 2. An extremal black hole can decay only if there exist particles

whose charge exceeds their mass.

The difficulties involving remnants are avoided if macroscopic black holes can evaporate

all their charge away, and so these states would not be stable. Since extremal black holes

have M = QMPl, in order for them to be able to decay into elementary particles, these

particles should have m < qMPl. Our conjecture also naturally follows from Gell-Mann’s

totalitarian principle (“everything that is not forbidden is compulsory”) because there should

not exist a large number of exactly stable objects (extremal black holes) whose stability is

not protected by any symmetries.

Another heuristic argument leading to same limit on Λ is the following. Consider the

minimally charged monopole solution in the theory. With a cutoff Λ, its mass is of order

Mmon ∼ Λ/g2 and its size is of order Rmon ∼ 1/Λ. It would be surprising for the minimally

charged monopole to already be a black hole because the values of all charges carried by

a black hole should be macroscopic (and effectively continuous); after all, a black hole is a

classical concept. Demanding that this monopole is not black yields

Mmon

M2
PlRmon

<∼ 1 ⇒ Λ <∼ gMPl (5)

2.3 Simple parametric checks

It is easy to check the conjecture in a few familiar examples. For U(1)’s coming from closed

heterotic strings compactified to four dimensions, for instance, we have

gMPl ∼ Ms , (6)

6
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⇤  gMPMagnetic WGC:

Electric WGC:

⇥
mmag ⇠ ⇤/g2 , qmag ⇠ 1/g

⇤



WGC and Cosmology



The Weak Gravity Conjecture

• Suggested generalization to p-dimensional objects 
charged under (p+1)-forms: 

• p=-1 applies to instantons coupled to axions: 

• Seems to explain difficulties in finding  

• Is there evidence for the p=-1 version of the WGC?

Q

Tp
� “1”

e�Sinst = e�m+i�/f =) fm  “1”

f > MP

Brown, Cottrell, GS, Soler



WGC and Axions

T-dual

Type IIA Type IIB

Dp-Instanton 
(Axions)

S1S̃1

Rd�1 ⇥ S̃1

Rd Rd

D(p+1)-Particle 
(Gauge bosons)

Rd�1 ⇥ S1

• T-duality provides a subtle connection between 
instantons and particles

Brown, Cottrell, GS, Soler



WGC and Axions
• For each axion, there is an instanton 

• For RR 2-form in IIB, we found: 

• We obtained similar bounds for other string axions. 

• Multiple axions mapped to multiple U(1)’s. The WGC can 
be expressed in terms of the convex hull.

f ·m 
p
3

2
MP

Brown, Cottrell, GS, Soler

“1”

“1”

“1”

p
N

p
N

p
N

N-flationAlignment

e�Sinst = e�m+i�/f

Kim, Nilles, Peloso Dimopoulos et al



Evidences for the 
Weak Gravity Conjecture



Heuristic Argument
• Heuristic argument suggests ∃ a state w/                                    

• One often invokes the remnants argument [Susskind] for the WGC 
but the situations are different (finite vs infinite mass range). 

• Perfectly OK for some extremal BHs to be stable [e.g., Strominger, 
Vafa] as q ∈ central charge of SUSY algebra. 

• No q>m states possible (∵ BPS bound). 
• BPS BHs are the WGC states (boring option) 
• More subtle for theories with some q ∈ central charge 

• The WGC is a conjecture on the finiteness of the # of stable 
states that are not protected by a symmetry principle.

q

m
� “1” ⌘ Q

Ext

M
Ext

where Lm is the quantum field theory of some matter, the bare quantities are GN , the bare
Newtons constant, ⇤, the bare cosmological constant, and a, b, c, the higher dimension
irrelevant operator bare couplings. These terms are set to cancel the one loop divergences
in the theory due to matter couplings [49]. For simplicity we will take the matter sector to
consist of N minimally coupled scalar fields, with only quadratic Lagrangians,

Lm =
NX

j=1

1

2

⇥
@µ�j@

µ�j +m2
j�

2
j

⇤
. (2)

This is su�cient for our purposes. Generalizations to other matter sectors are straightfor-
ward, and as we will discuss below, do not change the essential conclusions.

The one-loop contributions to the e↵ective action from the matter sector will generically
exhibit quartic, quadratic and logarithmic UV divergences [49]. The quartic UV divergence
is the usual divergent contribution to the cosmological constant. If we truncate the matter
theory to the quadratic Lagrangian (2) it may or may not appear depending on the regulator.
The quadratic divergences are the wave-function renormalizations of the kinetic terms in (1),
and include renormalizations of the additional “R2” terms in the action.

μνγ

Τ (φ)αβ Τ (φ)αβ

Figure 1: One loop graviton vacuum polarization diagram.

To compute the one loop integrals, one first needs to regulate the divergent terms. We
do so by introducing a system of Pauli-Villars regulators for every matter field in (2). The
scheme is conceptually the same as in flat space, where one introduces a regulator for every
divergent loop. If the cuto↵ is above the inverse curvature scale we can start with a locally flat
region of space, introduce the regulators with minimal coupling to gravity. Because there are
five distinct types of required counterterms, reflecting five di↵erent divergences, one needs five
regulators for each matter scalar [52], denoted by �i (i = 1, . . . , 5) and coming with di↵erent
statistics, �i (where �i = ±1 for commuting and anticommuting fields respectively). The
regulator masses mi are much larger than the matter ones in order to formally cancel the UV
divergences, and define the UV cuto↵, µ. The choice of the regulators and their statistics
are determined by the requirements

5X

i=0

�i = 0 and
5X

i=0

�im
2
i = 0 (3)

4



Evidences for the Weak Gravity Conjecture

Three lines of argument so far: 
• Holography [Nakayama, Nomura, ’15];[Harlow, ‘15];[Benjamin, Dyer, Fitzpatrick, 

Kachru, ‘16];[Montero, GS, Soler, ‘16] 

• Unitarity & causality of scattering amplitudes [Cheung, Remmen, ‘14]  

• Cosmic Censorship [Horowitz, Santos, Way, ‘16]; [Cottrell, GS, Soler, ‘16] 

Evidences for stronger versions of the WGC: 
• Consistencies with T-duality [Brown, Cottrell, GS, Soler, ‘15] and dimensional 

reduction [Heidenreich, Reece, Rudelius ’15]. 
• Modular invariance + charge quantization suggest a sub-lattice WGC 

[Montero, GS, Soler, ‘16] (see also [Heidenreich, Reece, Rudelius ’16]) 

We found further evidence based on BH entropy [Cottrell, GS, Soler, ‘16].



Back to the Basic

What’s wrong if the WGC is violated in the 4D Einstein-Maxwell theory?



Black Hole Entropy

• What is the entropy of a large extremal BH in theories with 
only (sub)extremal particles? [Cottrell, GS, Soler, 1611.06270] 

• We computed the 1-loop corrected BH geometry and entropy using 
the quantum entropy function formalism [Sen, ’05-‘12]. 

• Integrating out charged particles induces an infinite series of curvature and 
field strength corrections that modify Beckenstein-Hawking formula. 

• While corrections from neutral particles have been obtained previously, 
integrating out charged particles introduce some key new features: 
• Loops of massive charged particles can radically alter the classical BH 

geometry and entropy; results depend crucially on q>m or q≤m. 
• Fermion loops provide evidence for the magnetic WGC:  
• Corrections are reduced with SUSY and disappears for N=4 SUGRA. 
• Our findings suggest that additional ingredients in string theory extremal 

BHs (SUSY, dilaton, dyonic charges, etc) are needed to save the day.

⇤ . qMP



Axion Monodromy
[an interesting exception to the WGC]



Axion Monodromy

• Axion is mapped to a massive gauge field. 

• Suppressing tunneling between different 
branches of the monodromy potential can 
put a bound on the field range (hence r). 

• Interesting subtleties for a rolling transition 
[Brown, Cottrell, GS, Soler, ’16].

2⇡f�

Monodromy by brane coupling 
[Silverstein, Westphal, ‘08]; 
[McAllister, Silverstein, Westphal, 08] 
F-term axion monodromy  
(embeddable in SUGRA of string theory) 
[Marchesano, GS, Uranga ’14] 



Axion Monodromy Inflation

2⇡f�

anti
5B

5B

5B

!
C(2) = c

anti
5B

Figure 2: Schematic of tadpole cancellation. Blue: Two-real-parameter family of two-

cycles ⌃
1

, drawn as spheres, extending into warped regions of the Calabi-Yau. Red: We have

placed a fivebrane in a local minimum of the warp factor, and an anti-fivebrane at a distant

local minimum of the warp factor. In the lower figure, ⌃
1

is drawn as the cycle threaded by

C(2), and global tadpole cancellation is manifest.

Moduli stabilization is essential for any realization of inflation in string theory, and we

must check its compatibility with inflation in each class of examples. In type IIB compactifi-

cations on Calabi-Yau threefolds, inclusion of generic three-form fluxes stabilizes the complex

structure moduli and dilaton [19]. A subset of these three-form fluxes – imaginary self-dual

fluxes – respect a no scale structure [19, 18]. This su�ces to cancel the otherwise dangerous

flux couplings described in §3.2.1.

4.2 An Eta Problem for B

In this class of compactifications, however, the stabilization of the Kähler moduli leads to an

⌘ problem in the b direction. This problem arises because the nonperturbative e↵ects (e.g.

19

Combine chaotic inflation and 
natural inflation

• Axion periodicity lifted, allowing for 
super-Planckian displacements.


• UV corrections to the potential still 
constrained by the underlying symmetry.

• Shift symmetry can be broken by boundaries 
[McAllister, Silverstein, Westphal], but the 
constructions seem rather contrived.



F-term Axion Monodromy

• Done in string theory within the moduli stabilisation 
program: adding ingredients like background fluxes 
generate superpotentials in the effective 4d theory

Marchesano, GS, Uranga’14Obs:

Axion Monodromy
Giving a mass to an 

axion~

see also Blumenhagen, Plauschinn,’14 
Hebecker,Kraus,Witkowski, ‘14

Use same techniques to 
generate an inflation 

potential
Idea:



F-term Axion Monodromy Inflation 

Advantages:

• Simpler models, all sectors understood at weak coupling


• Spontaneous SUSY breaking, no need for brane-anti-brane


• Supergravity description at small field, allows to connect with large field 
inflation models in SUGRA


• Realizes                          4d formalism in string theory

Z
d

4
x |dC3|2 +

µ

2

k

2
|db2 � kC3|2

F4 = dC3

d� = ⇤4db2

Z
d

4
x |F4|2 + |d�|2 + �F4

Kaloper & Sorbo ’08 
Kaloper, Lawrence, Sorbo ‘11

 Kaloper-Sorbo



Effective 4d Description
✤ Coupling the axion to a 4-form field strength F4 = dC3


✤ Upon integrating out C3 


 one finds a quadratic potential


with a shift symmetry: 

Axion Monodromy

Couple the axion to a 4-form flux F
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gating degrees of freedom in 4d, we can integrate it out via its equation of motion

⇤ F4 = f0 + g�, (2.2)

leading to an induced scalar potential for the axion

V
KS

=
1

2
(f0 + g�)2. (2.3)

Notice that even if the 3-form in four dimensions does not have propagating degrees of

freedom, it can still yield a non-vanishing field strength giving a positive contribution

f0 to the vacuum energy. The discrete identification of the scalar is a gauge symmetry

which involves a change in f0, as follows

� ! �+ 2⇡f , f0 ! f0 � 2⇡gf (2.4)

At the quantum level2, the vacuum value of the 4-form flux f0 is quantized in units

of membrane charge (we will come back to these membranes in section 4)

f0 = n⇤2
k

, n 2 Z (2.5)

Hence we have the following consistency condition [42]

2⇡fg = k⇤2
k

, k 2 Z (2.6)

which will be important when discussing explicit relaxion monodromy models.

This structure underlies the axion monodromy inflationary models (see e.g. [14–19]),

in which the scalar potential is multivalued with a multibranched structure dictated

by the above discrete shift symmetry, akin to the “repeated zone scheme” familiar

from solid-state physics [42, 43] (see Figure 1 for a qualitative picture). Each branch

is labelled by the value of f0. Once a specific branch is chosen, one can go up in the

potential away from the minimum and travel a distance�� larger than the fundamental

periodicity f . This is specially useful for large field inflationary models in which one

needs a trans-Planckian field excursion for the inflation even if all the scales of the

theory remain sub-Planckian. The relation between F-term axion monodromy and

a Kaloper-Sorbo (KS) potential like (2.1) was explicitly shown in [18], and further

generalised in [41] for any axion of a given string compatification.

2At the classical level, f0 can take an arbitrary constant value implying that the continuous shift of

the axion is also a symmetry of the action. However, as emphasized in [40] the actual value of the 4-

form field strength in four dimensions (and not only its shift when crossing a membrane) satisfies Dirac

quantization. When embedding the model in string theory, this quantized value indeed corresponds

to the integer flux of the magnetic dual in higher dimensions [40, 41]
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f0 = ne where n 2 Z

Axion Monodromy

Both a shift symmetry and a quadratic potential are manifest

� ! �+
e

µ
n ! n � 1 n 2 Z

With the consistency condition e
µ = f

Is this model still protected from corrections?
Possible corrections take the form

|F
4

|n+2

M

2n
p

The condition to suppress these corrections in the e↵ective
potential

� .
M

2

p

µ

Large field range when µ ⌧ Mp

Jonathan Brown Tunneling in Axion Monodromy



Planck-suppressed Corrections

✤ Gauge symmetry ⇒ UV corrections only depend on F4
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Multi-branched Potential
Axion Monodromy

V (�) =
1

2
(ne + µ�)2

Multibranch Potential
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Axion Monodromy
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Slow Roll Inflation
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Axion Monodromy
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Tunneling Event: n ! n � 1
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Tunneling in Axion Monodromy
✤ Can we apply Coleman’s formula to axion monodromy?


• Axion monodromy contains both a scalar and a 4-form


• Tunneling is between non-metastable states


• The initial inflationary state is not O(4) symmetric

Tunneling in Axion Monodromy

Why can’t we apply this formula to axion monodromy?

Axion monodromy contains both a scalar and a 4-form flux

The system tunnels between non-metastable states

The initial inflationary state is not O (4) symmetric

Monodromy Tunneling Vacuum Decay

Jonathan Brown Tunneling in Axion Monodromy

Axion Monodromy

The potential is unstable to integer shifts in n ! n +m.

V (�) =
1

2
(ne + µ�)2

This is a quantum tunneling event corresponding to the nucleation
of a membrane charged under C

3

with charge me.

What is the probability for the system to decay?

All current literature uses the Coleman formula as an estimate

� ⇠ e

� 27⇡2T4

3

2(�V )

3

Jonathan Brown Tunneling in Axion Monodromy

[Coleman ’77]; 
 [Coleman, De Luccia, ’80] (with gravity)



Comparing with the Coleman Formula

(a) s̄ ⌧ 1. (b) s̄ � 1

Figure 4: Comparison of the action B between the case studied by Coleman (orange) and
the axion monodromy studied here (blue) before extremization with respect to s̄.

We can see two di↵erences. One is the overall numerical prefactor in (3.39). This suggests

that the Coleman formula is an underestimate for the action in this limit. Ultimately, this

factor comes from the nonzero kinetic term in the action which does contribute positively.

The second is the correction to �V that appears in the denominator of (3.39). However,

↵ � 1 implies �V � 1

2

n2e2 so this correction should be small in this limit. Physically, this

limit corresponds to tunneling between branches of the potential such that both the starting

point and target point are very high in their respective parabolas.

Naively one may think that this small bubble limit s̄ ⌧ 1 is precisely the limit where

Coleman’s thin wall approximation fails. However, this is not necessarily the case. The small

bubble limit here is defined relative to the e↵ective axion mass µ such that the physical radius

r̄ ⌧ µ�1. Coleman’s thin wall approximation, on the other hand, requires that the physical

radius be large relative to the thickness of the membrane, which in this case is governed by

the cuto↵. Thus the thin wall approximation should be valid when r̄ � ⇤�1. Depending on

the size of the e↵ective axion mass, both of these conditions may be satisfied simultaneously.

An inability to satisfy both of these conditions would signify a breakdown of the e↵ective

theory of axion monodromy.

Finally, we examine the case where s̄ � 1. The condition to extremize the action becomes

s̄1/2es̄ =
↵

3
p
2⇡

�
� + 1

2

� (3.41)
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✤ For small bubbles, results are in parametric agreement:


✤  For large bubbles, results are qualitatively different.

Since we are working with small bubbles, and �f is approximately constant near the origin,

�f (s̄) ⇡ �f (0) = Aµ. The extremized radius and action then become

s̄ =
2p
3

s
1� �V

1

2

n2e2
(3.34)

B = 2

✓
⇡ne

3µ2

◆
2

✓
1� �V

1

2

n2e2

◆
3/2

(3.35)

Now, in terms of these physical parameters, we can interpret the self consistency conditions

for this limit. Since � ⌧ s̄ ⌧ 1, this limit is analogous to the limit T (n)
2

! 0. In this limit

there is no analogy with the results of Coleman. As can be seen from (3.4), in the limit

� ! 0 then no bubbles with finite size can nucleate. In addition, from (3.34), we see that

�V < 1

2

n2e2. In terms of the potential in Fig. 1b this corresponds to tunneling from one

branch to another but ending on the opposite side of the target branch parabola from the

starting branch parabola. In the limit �V ! 1

2

n2e2, the action B ! 0. This corresponds to

tunneling from one branch into the minimum of another branch.

Looking instead at the case � � s̄, we can safely drop the last term of (3.30). In this

case the extremized radius and action become

s̄ =
6�

↵� 2
(3.36)

B = 27

✓
⇡ne

µ2

◆
2 2�4

(↵� 2)3
(3.37)

This formula is self consistent when ↵ > 2 and �
↵�2

⌧ 1. Since we are still working in the

small bubble limit we can sensibly rewrite these in terms of the potential di↵erence (3.33)

s̄ =
6µT (n)

2

�V � 1

2

n2e2
(3.38)

B = 8
27⇡2

⇣
T (n)
2

⌘
4

2
�
�V � 1

2

n2e2
�
3

(3.39)

This is the limit that most closely resembles the formula derived by Coleman2

B
Coleman

=
27⇡2�4

2 (�V )3
(3.40)

2Before we can make a meaningful comparison we must check the compatibility of the tensions defined in

each case, T (n)
2

vs. �. In both cases the tension is defined to parameterize our ignorance about the details of

some thin membrane such that it contributes schematically to the action as S
tension

= Vol (⌃
3

)⇥ (Tension).

In this sense both definitions are compatible as written. (Compare (3.17) and (3.4))
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Relaxion Monodromy
✤ Cosmological relaxation of the EW scale [Graham, Kaplan, Rajendran] 

(and its improved versions, see e.g., [K. Choi et al]):


✤ WGC predicts very light membranes T2 ~ 2𝝿f gMP, leading to 
rapid tunneling [Ibanez, Montero, Uranga, Valenzuela]


✤ Rapid tunneling persists even with the monodromy corrected 
Coleman’s formula  [Brown, Cottrell, GS, Soler, ’16]

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that the
e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation, � will slow-roll, thereby scanning the physical
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We will now examine the dynamics of this model in the early universe. We take an initial value for � such that the
e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation, � will slow-roll, thereby scanning the physical

with g ~ 10-34 GeV

[See talks of Hyungjin Kim, Natsumi Nagata and references therein]



Conclusions



Conclusions

• Motivated by gravity waves & large field inflation, we have 
revisited the WGC and the “Swampland” proposal. 

• We have formulated the WGC for (a large class of) axions 
which can be dualized to U(1) gauge fields. [BCSS1, BCSS2] 

• Constraints on multiple axions in terms of the convex hull 
generated by the dual charge-to-mass vectors [BCSS1, BCSS2] 

• Axion monodromy inflation is an interesting exception. Concrete 
realization in string theory and SUGRA [Marchesano, GS, Uranga] 

• Tunneling in axion monodromy put constraints on monodromy 
inflation and the relaxion scenario [Brown, Cottrell, GS, Soler, ’16]



Conclusions
• String theory examples suggest stronger versions of the WGC [Brown, 

Cottrell, GS, Soler, ’15-’16];[Montero, GS, Soler, ’16] (see also [Heidenreich, 
Reece, Rudelius, ’15-’16]) 

• New, more direct evidence of the WGC by considering quantum 
corrections to the entropy of extremal BHs. [Cottrell, GS, Soler, ’16] 

• Loops of charged particles can drastically alter the classical BH 
geometry; fermion loops give evidence for the magnetic WGC. 

• Exciting interface between Black holes, Inflation & String Theory.
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